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The morphogenetic processes responsible for the initial phase of gastrulation in sea urchins have yet to be satisfactorily
de®ned. Using conventional and confocal microscopy we have analyzed the buckling of the vegetal plate to form the
archenteron in embryos of Strongylocentrotus purpuratus. The cells of the vegetal plate elongate and a ring of 34 to 36
bottle cells forms within the vegetal plate during invagination. Rhodamine phalloidin staining reveals a reorganization of
the actin cytoskeleton associated with these changes in cell shape. During buckling, the ring of bottle cells within the
vegetal plate ¯uoresce intensely at their apical surface and in the narrow neck region. Ionophore A23187 induces precocious
buckling and the formation of the ring of bottle cells. The calcium channel blocker verapamil and the calmodulin inhibitor
tri¯uoperazine reversibly inhibit buckling and the formation of the ring of bottle cells. Treatment with antibodies to the
apical lamina, which interferes with the initial stage of gastrulation, blocks the appearance of the vegetal plate phalloidin
staining. Measurements of the dimensions of cells and an analysis of shape changes suggest that the formation of bottle
cells reduces the surface area of the vegetal plate by more than 50%. We propose that actin-mediated changes in cell shape
within the vegetal plate are responsible for producing forces which cause buckling of the vegetal plate during the initial
phase of gastrulation. q 1996 Academic Press, Inc.
INTRODUCTION branes would bring about changes in cellular shape. Thus,
as cells changed from cuboidal to wedge-shaped, a sheet
of cells would develop a curve. A similar model involvingGastrulation in sea urchins has been the subject of de-
changes in cell shape is the apical constriction model.tailed analysis and has proven to be an instructive example
Rhumbler (1902) noted that if cells in an epithelial sheetof morphogenesis. Archenteron formation involves the in-
become more constricted at one end, the sheet will curve.vagination of a squat, tubular rudiment that elongates to
Although these mechanisms have been invoked as causingcross the blastocoel. Elongation is believed to be accom-
the buckling of the vegetal plate, direct evidence has beenplished by a form of convergent extension and the contrac-
lacking. Ettensohn (1984) has examined serial sections oftion of ®lopodia of cells at the tip of the archenteron (Etten-
Lytechinus pictus embryos and found that these predictedsohn, 1985; Hardin, 1988, 1989). Although there have been
changes in cell shape do not occur. Ultrastructural studiesa number of mechanisms proposed, there is still no com-
indicate there may be actin ®laments in the apical regionspletely satisfactory explanation of what causes the vegetal
of these cells (Ettensohn, 1984), but the identi®cation isplate to invaginate during the initial phase (Davidson et al.,
equivocal and vegetal plate cells appear no different from1995).
other cells of the blastoderm. Treatment with cytochalasinsGustafson and Wolpert (1963, 1967) proposed that
B and D has general deleterious effects and appears not tochanges in the form of cellular sheets could be accounted
be useful in establishing the role of contractile actin infor by changes in the adhesion between cells and between
gastrulation. Sea urchin embryos have also proven to becells and the hyaline layer. The changes in adhesion be-
dif®cult to ®x and retain actin cytoskeletons; thus, stainingtween cells and changes in the tension within cellular mem-
with phallotoxins or actin probes has not been revealing.
Thus, the hypothesis that cell shape changes drive the inva-
gination of the vegetal plate has lost favor.1 To whom correspondence should be addressed. Fax: (604) 721
7120. E-mail: rburke@uvic.ca. Here we report a simple ®xation procedure which pre-
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or 10 mM ®nal concentration). Embryos in stage 1 were alioquotedserves the actin cytoskeleton for rhodamine phalloidin
and treated for 30 min, then returned to FSW. Prior to treatment,staining. During the initial phase of gastrulation in Strongy-
after treatment, and after 30 min recovery embryos were ®xed andlocentrotus purpuratus there are a group of cells that form
scored for the stage of gastrulation or prepared for phalloidin stain-a ring of bottle cells within the vegetal plate. We show that
ing. Embryos were also photographed after 15 to 30 min treatment.these cells have dense, apical arrays of f-actin. As well, we
In all of the inhibitor experiments 50 embryos from each treatment
show that treatments that inhibit the initial phase of gastru- were scored for stage in three separate trials.
lation also interfere with the formation of the ring of bottle To induce precocious buckling of the vegetal plate embryos were
cells and treatments that precociously induce gastrulation treated with ionophore A23187. A stock solution of ionophore
also induce the formation of bottle cells. These data indicate A23187 (Calbiochem) was made in dimethyl sulfoxide (DMSO) and
stage 1 embryos were treated at a ®nal concentration of 20 mMthat cell shape changes mediated by actin-based contractil-
for 30 or 60 min and scored or ®xed and prepared for rhodamineity remain a viable hypothesis to account for the initial
phalloidin staining. Control embryos were treated with DMSOphase of gastrulation in sea urchins.
alone and 50 embryos from each treatment were scored for stage
in three separate trials.
MATERIALS AND METHODS
RESULTS
Microscopy. Gametes and embryos (S. purpuratus) were han-
dled following the procedures outlined by Strathmann (1987) and Stages of Gastrulation
grown at 12 to 147C. To stage embryos, aliquots of cultures were
®xed brie¯y with 4% paraformaldehyde in FSW containing 10 mM Typically the initial phase of gastrulation occurs between
Tris, pH 8.0. After settling to the bottom of a small Petri dish, the 35 and 40 hr in S. purpuratus. Initially the vegetal plate
embryos were photographed. Embryos were then scored for the becomes well de®ned by the cells elongating slightly and
stage of gastrulation from photographic prints or directly from nega- there being an increase in the number and activity of ®lo-
tives. Mean values of cell heights were calculated from three mea- podia on the blastocoelar surface of the vegetal plate (Fig. 1).
surements made on 10 embryos at each of the stages (a total of 30
The initial phase of gastrulation involves the apical (outercells).
surface) of the vegetal plate changing from a convex curva-For scanning electron microscopy (SEM), embryos were ®xed in
ture to becoming concave. In S. purpuratus the distance75% FSW containing 1.5% glutaraldehyde and 0.05 M cacodylate.
moved by the apices of the cells ranges from 7 to 12 mmAfter ethanol dehydration, embryos were critical point dried (CO2),
sputter coated with gold, and viewed on a Hitachi H510 SEM at (Fig. 1).
25 kV. We have de®ned three arbitrary stages of the initial phase
For rhodamine phalloidin localization of f-actin, slides were of gastrulation. Stage 1 is typi®ed by the cells of the vegetal
coated with poly-L-lysine and a small region was outlined with a plate lengthening, causing the plate to thicken, while the
hydrophobic border (Pap pen, Daido Sangyo, Tokyo). Embryos were outer surface of the embryo remains convex (Fig. 1A). In
transferred in a small volume to the slide and allowed to settle. stage 2, the cells of the vegetal plate are further elongated,
Once attached, embryos were ®xed in freshly prepared 4% para-
and their basal surfaces bulge into the blastocoel. At thisformaldehyde in FSW containing 10 mM Tris, pH 8.0, for 5 min,
stage the vegetal plate is ¯attened or slightly concave (Fig.then transferred to methanol (0207C) for 1 min. After rinsing brie¯y
2B). We use this change in the outer surface from convexin PBS, embryos were stained for 1±2 hr in rhodamine phalloidin
as a diagnostic feature for stage 2. Stage 3 marks the comple-(40 U/ml in PBS). After rinsing, embryos were mounted and viewed
with epi¯uorescence or with confocal laser scanning microscopy. tion of the initial phase of gastrulation, as the archenteron
Confocal images were collected on a Zeiss LSM 410 (inverted). rudiment is folded inward. Mesenchyme cells ingress from
Stacks of 15 to 30 images at 1-mm intervals were collected with the tip of the archenteron beginning at this stage (Fig. 1C).
41 line averaging, scanning at 8 sec per frame. Images were 512 1
512. Projections of stacks or portions of stacks were transferred
as images into Adobe Photoshop for composition into plates and Cell Shape
labeling.
Inhibitors. Embryos 2 to 4 hr prior to the initial phase of gastru- In SEM preparations of fractured stage 1 embryos, the
lation were concentrated and aliquoted to microcentrifuge tubes. cells of the vegetal plate are uniformly columnar (Fig. 2A).
After dilution with solutions containing protein A af®nity-puri®ed The mean cell height of vegetal plate cells in living embryos
antibodies (AL1, AL2, or Sp12, ®nal concentration 10 mg/ml), em- is 21.0 mm (n  10, SEM  0.54). In stage 2 embryos, cells
bryos were incubated at 147C until control embryos, those treated of the vegetal plate are more variable in shape, as some
with Sp12 or untreated, had begun the initial phase of gastrulation remain columnar, whereas others are clearly bottle shaped
(Burke et al., 1991). Embryos were then scored or ®xed and prepared
(Fig. 2B). Mean cell height of vegetal plate cells from livingfor phalloidin staining as described. Fifty embryos from each treat-
embryos is 30.7 mm (n  10, SEM  0.94). In stage 3 em-ment were scored in each of three replicates of the experiment.
bryos, cell shape in the vegetal plate is cuboidal to columnarFor inhibitor experiments embryos were treated with the Ca2/
(Fig. 2C). Mean cell height in living embryos is 19.8 (n channel blocker verapamil (Sigma, 50 or 100 mM ®nal concentra-
tion) and the calmodulin inhibitor tri¯uoperazine (TFP) (Sigma, 5 10, SEM  0.63).
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Rhodamine Phalloidin
In mesenchyme blastulae up to stage 1, rhodamine phal-
loidin staining is restricted to a network that appears to be
associated with apical junctions. This staining is uniform
throughout the embryo. The primary mesenchyme and
their processes are brightly ¯uorescent. In stage 1 embryos
the intensity of ¯uorescence is elevated in the apical ends
of cells within the vegetal plate (Fig. 3A). As the embryos
enter stage 2, the staining in the vegetal plate is more in-
tense and it can be seen to be a ring within the vegetal plate
(Figs 3A and 3D). In stage 3 embryos the ring of intense
¯uorescence disappears and the predominant staining pat-
tern is associated with the apical network (Fig. 3C).
In conventional ¯uorescence and confocal preparations
¯uorescence is brightest at the apical surfaces of the bottle
cells within the vegetal plate (Figs. 3D and 4). In addition,
¯uorescence is elevated on the blastocoelar surfaces of the
vegetal plate cells and there is ¯uorescence outlining the
lateral margins of the cells extending toward the basal ends
of the cells. The ¯uorescence on the lateral margins of the
cells is highest in bottle cells. Within the neck region of
the bottle cells there are typically numerous patches of ¯u-
orescence, each about 0.1 mm in diameter (Figs. 3D and 4).
Most of the bright ¯uorescence in the vegetal plate is
associated with the ring of bottle cells. This can be most
clearly seen in optical sections taken through the vegetal
plate along the animal vegetal axis. The bottle cells can
be identi®ed in surface views by their reduced apical sur-
face area (Fig. 5). Near the apical surface of the cells, ¯uo-
rescence is brightest and ®lls the entire section of the cell
(Figs. 5A and 5B). In successive sections the ¯uorescence
is in the margin of the cell, forming a bright outline (Fig.
5). The bright ¯uorescence is associated with the neck
regions of the bottle cells up to 10 mm into the vegetal
plate (Figs. 5C±5G).
The actin network revealed by rhodamine phalloidin
permits cell sizes and shapes to be measured. In the vege-
tal plate prior to gastrulation the cells are nearly circular
in outline and have a mean diameter of 9.02 mm (n  11,
SEM  0.57). During stage 2 there is a central cluster of
about 8 cells, which appear not to change shape, sur-
rounded by the ring of 34 to 36 bottle cells. In addition,
there is an outer ring of 16±18 cells that also invaginate.
The bottle cells have a mean surface diameter of 3.49 mm
(n  11, SEM  0.31).
These measurements permit calculations of changes in
surface area of the vegetal plate associated with bottle cell
formation. The vegetal plate is composed of 58 to 62 cells
the vegetal plate remains convex. In stage 2 (B), the vegetal plate
cells have elongated and the vegetal plate begins to buckle inward.
In stage 3 (C), a short squat rudiment has invaginated, cell heightFIG. 1. Micrographs of the three stages of the initial phase of
in the vegetal plate is reduced, and secondary mesenchyme cellsgastrulation as used in this study. In stage 1 (A), the vegetal plate
are apparent. Bar  20 mm.is thickened after the ingression of the primary mesenchyme, yet
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which form a disc about 8 cell widths in diameter. Prior to
gastrulation these cells have an average surface diameter of
9.02 mm or 72.2 mm for the whole plate. This agrees with
a measured diameter of about 65 mm. After the formation
of bottle cells, the vegetal plate has a calculated diameter
of 50.04 mm (4 1 9.02 / 4 1 3.49). This means that as the
plate contracts, the margins of the vegetal plate move about
11 mm toward the vegetal pole. Bottle cell formation would
change the calculated surface area of the vegetal plate over
50% from 4090 to 2123 mm2. These calculations are based
on a planar plate, which is conservative. Because of the
wedge shape of the bottle cells, as the plate contracts it also
curves inward. The inward curve would effectively make
the plate diameter smaller, meaning the margins of the plate
have the potential of moving further toward the vegetal
pole.
Inhibitors
Embryos treated with AL1 or AL2 fail to undergo the
initial phase of gastrulation (Burke et al., 1991). In embryos
treated with AL1 or AL2 and stained with rhodamine phal-
loidin when the controls are in stage 2, a small percentage
of the embryos (8%) contain brightly ¯uorescent cells in
the vegetal plate. In these embryos, the ¯uorescence was
more diffuse than in control embryos. For most of the em-
bryos the cells remain columnar with ¯uorescence in the
apical ends of the cells similar to that found in other regions
of the embryo (Fig. 6). The basal region of the vegetal plate
cells is brightly ¯uorescent. In control preparations 84% of
the embryos contain a ring of rhodamine-stained cells
within the vegetal plate.
In experiments in which embryos are treated with 100
mM verapamil at stage 1, fewer embryos proceed to stage 2
than in control cultures (Fig. 7). If embryos are returned to
normal seawater after 45 min, gastrulation proceeds nor-
mally. Embryos in verapamil overnight remain at stage 1.
Verapamil-treated embryos, when prepared for rhodamine
phalloidin staining, do not have the ring of bottle cells seen
in control embryos (Figs. 8D±8F). There are cells in the
vegetal plate that appear brightly ¯uorescent at their apical
surface, but in surface view there are no bottle cells present.
When embryos were treated at stage 1 of gastrulation with
10 mM TFP, a smaller proportion proceed to stage 2 than in
control preparations (Fig. 7). After 2 hr of treatment the
embryos have not gastrulated and are somewhat elongated.
Embryos treated overnight with TFP form a short archen-
teron which fails to cross the blastocoel. Embryos treated
with TFP for 45 min, then returned to FSW, gastrulate nor-
mally. TFP-treated embryos stained with rhodamine phal-
loidin do not have the ring of bottle cells found in control
embryos (Figs. 8G±8I). The vegetal plate cells are roundedFIG. 2. SEM showing cell shape of vegetal plate cells at each of
in outline and although some have brightly ¯uorescent out-the three stages of the initial phase of gastrulation. In stage 1 (A),
lines, a ring of bottle cells is not present.cells are uniformly columnar. In stage 2 (B), bottle-shaped cells are
Embryos at stage 1 when treated with ionophore A23187typically present in the vegetal plate. In stage 3 (C), cells return to
a columnar shape. Bar  10 mm. advance to stage 2 before control embryos. A mean of 58%
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FIG. 4. Confocal laser scanning image of the vegetal plate of a stage 2 embryo stained with rhodamine phalloidin. This image is a
projection of four 1-mm optical sections. The apical regions have the brightest ¯uorescence, but the narrow neck regions of the bottle
cells (arrowheads) are also bright and have small ¯uorescent plaques. Bar  10 mm.
of the treated embryos are in stage 2 while fewer than 5% DISCUSSION
of the control embryos are in stage 2. When stained with
rhodamine phalloidin A23187-treated embryos have a ring During the initial stage of gastrulation the cells of the
vegetal plate elongate by about 50% of their height and aof brightly ¯uorescent bottle cells in the vegetal plate (Figs.
8A±8C). There are no brightly ¯uorescent bottle cells in ring of bottle-shaped cells forms. Upon completion of the
initial stage, the cells return to their original height andcontrol embryos ®xed at the same time. In surface view
embryos are a mosaic of cells with bright ¯uorescent out- columnar shape (Fig. 9). Rhodamine phalloidin staining in-
dicates that substantial rearrangement and enhancement oflines and cells with no ¯uorescence at all.
FIG. 3. Rhodamine phalloidin staining of embryos during the initial phase of gastrulation. (A) A group of stage 1 embryos showing the
location of a brightly staining ring of cells at the vegetal plate. Bar  20 mm. (B) Vegetal plate of an embryo at stage 1, when the ring of
¯uorescence appears. Bar  10 mm. (C) Stage 3 embryo showing the disappearance of the ring of ¯uorescence after stage 2. Bar  10 mm.
(D) Embryo in stage 2 showing the bright ¯uorescence in the apices of the cells as well as ¯uorescence in the margins of the narrow necks
of the cells (arrowheads) and the appearance of bright plaques. Typically, there is also ¯uorescence associated with the cortex on the
blastocoelar surfaces of the cells of the vegetal plate. Bar  10 mm.
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FIG. 5. Confocal images of the vegetal plate stained with rhodamine phalloidin. (A) Projected image of three 1-mm optical sections
showing the ring of bottle cells and cells lateral to the vegetal plate. Bar  5 mm. (B±G) Successive 1-mm optical sections of the vegetal
plate showing the distribution of f-actin in association with the lateral membranes of the bottle cells. Bar  10 mm.
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clearly a crucial factor in success. Most researchers to date
have employed longer ®xations without the secondary
treatment with cold alcohol. Anstrom (1992) has used 20-
min ®xations and rhodamine phalloidin to effectively study
the ingression of primary mesenchyme cells. He observed
accumulations of f-actin in the constricted apices of primary
mesenchyme cells as they released. However, he notes that
this was not apparent with conventional epi¯uorescence,
but was revealed with confocal microscopy. With the brief
®xation procedures we have employed, the apical accumu-
lations of actin in bottle cells and invaginating primary mes-
enchyme are readily apparent with conventional epi¯uo-
rescence.
Treating embryos with AL1, verapamil, and TFP, agents
that inhibit the initial phase of gastrulation, also inhibited
the formation of bottle cells. This is consistent with the
FIG. 6. Confocal image of the vegetal plate of an embryo that was bottle cell formation being a part of the invagination pro-
treated with the antibody AL1, which blocks the initial stage of cess. The precise means by which the AL1 acts is unknown.
gastrulation. This image is a projection of three 1-mm optical sec-
The antibody recognizes the ®bropellin proteins of the api-tions. Bar  10 mm.
cal lamina and has previously been shown to interfere spe-
the actin cytoskeleton occur in some of the cells of the
vegetal plate during gastrulation. Prior to gastrulation ®l-
amentous actin is associated with the cortex at the apical
end and in the lateral margins of the cells. As the bottle
cells form, there is dense f-actin at the apical surface of the
cell. In addition, there is f-actin within the neck regions
of the bottle cells associated with the cell margins. The
numerous small plaques which form in the margins of the
neck regions of the bottle cells may be associated with junc-
tional complexes that are apparent in electron micrographs
of these cells (Y. Nakajima, unpublished). Furthermore, the
basal cortex appears to accumulate f-actin, some of which
is associated with ®lopodia. It is not possible to determine
the orientation of the actin ®laments. However, if the ®la-
ments in the neck region were around the circumference
of the cells, generation of a contractile force could cause
formation of the bottle shape.
The apical constriction hypothesis is not new, but one
might well ask why previous studies have not observed
these bottle cells? Ettensohn (1984) speci®cally examined
cell shape during gastrulation. Our studies have used only
one species and there may well be differences in other spe-
cies. However, preliminary investigations with embryos of
Dendraster excentricus and Hemicentrotus pulcherrimus
suggest that similar bottle cells are also present. The length
of time that the bottle cells are present is relatively short
FIG. 7. Stage frequency results of experiments in which embryosand without carefully examining the stage of the embryos,
are treated with inhibitors or stimulators of the initial phase oftheir occurrence may be missed. Some ®xatives, such as
gastrulation. Each row represents a single treatment, in which theacetone, preserve cell shape poorly. The dif®culty in pre-
®rst graph shows the stage frequency at the beginning of the experi-
serving ®lamentous actin for phalloidin staining has un- ment and the second shows the progression to stage 2 at the end
doubtedly been a handicap, because it is by far the most of the experiment. The third graph in each row shows the stage
revealing means of localizing ®lamentous actin. The ®xa- frequency distribution in the experimental cultures at the end of
tion procedure we describe uses conventional ®xatives, but the experiment. Means and standard errors for at least three trials
with up to ®ve replicates are presented.the length of time the embryos are exposed to ®xatives is
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FIG. 8. Nomarski DIC and rhodamine phalloidin staining of embryos treated with inhibitors and initiators of gastrulation. (A±C) Optical
section and surface view of embryos treated with ionophore A23187. A is a living embryo 15 min after treatment, and B and C are embryos
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as part of the pathway leading to contraction. Conceivably,
a similar pathway is employed by bottle cells during gastru-
lation in sea urchins.
The vegetal plate appears to consist of a central region of
about 8 cells surrounded by presumptive bottle cells which
form a ring 2 cells wide. The central cells are probably the
small micromere derivatives. Judging from the position of
the ring of bottle cells within the archenteron, there is an
outer ring, at least 1 cell wide, which also invaginates. Thus,
the region of the vegetal plate that invaginates during the
initial phase of gastrulation in S. purpuratus is composed of
58 to 62 cells which are divided into concentrically arranged
groups of cells. Ruf®ns and Ettensohn (1996) have used ¯u-
orescent lipophilic dye to label cells of the presumptive
vegetal plate and map the relative positions of presumptive
mesenchyme and endoderm cells in Lytechinus variegatus.
They report that the small micromeres occur at the center
of the plate, and this is surrounded by 66 macromere-de-
rived mesenchymal precursors in a ring. The endodermal
precursors surround this as a concentric ring composed of
155 cells. Although there is a species-based difference in
FIG. 9. Summary diagram showing cell shape and invagination the numbers of precursors within the vegetal plate, it is
of the plate at three stages of the initial phase of gastrulation. clear that the bottle cells we describe correspond in position
Asterisks indicate bottle cells.
with the mesenchymal precursors identi®ed by Ruf®ns and
Ettensohn (1996). Thus, not only do these cells have distinct
origins and fates, but they also behave differently during
the initial phase of gastrulation.ci®cally with the initial phase of gastrulation (Burke et al.,
A question of primary importance in studies of gastrula-1991). Presumably, there is some interaction between the
tion is what causes the inward buckling of the vegetal plate.blastoderm and the ®bropellins which is essential for the
Because there has been no experimental support for theinitial phase of gastrulation.
hypotheses of cell shape changes mediating invagination,Lane et al. (1993) demonstrated that ionophore A23187
alternative hypotheses have been made. These include lo-induced precocious buckling of the vegetal plate. Our re-
calized secretion of ECM by the vegetal plate (Lane et al.,sults con®rm this ®nding and show that the ionophore also
1993), active movement of cells lateral to the vegetal plateinduces the formation of bottle cells. In addition, verapamil,
(Burke et al., 1991), and localized growth (Nislow and Mor-an inhibitor of calcium channels, blocks invagination of the
rill, 1988). Some of these alternatives have not been sup-vegetal plate and the formation of bottle cells. TFP is an
ported experimentally but they cannot all be completelyinhibitor of calmodulin, and blocking the initial stage of
discounted (Davidson et al., 1995). The active formation ofgastrulation and bottle cell formation with TFP suggests
bottle cells appears to cause a decrease in the surface areathat calmodulin may participate in regulation of reorganiza-
of the vegetal plate. This contraction, coupled with thetion of the actin cytoskeleton. In other morphogenetic pro-
expansion of the basal ends of the cells, would intuitivelycesses that involve actin-mediated contractions, ionophores
cause an inward buckling of the plate (Fig. 9). This is anand antagonists of calcium transport have been used
attractive hypothesis as it is consistent with much of the(Smedley and Stannisstreet, 1986; Lee and Nagele, 1985,
experimental evidence at hand. The locus of force wouldFerreira and Hilfer, 1993). The suggestion is that cytosolic
reside within the vegetal plate as demonstrated by Moorecalcium, which is required for activation of cytoplasmic
myosin ATPase (Adelstein and Eisenberg, 1980), is elevated and Burt (1939). In addition, the movements of cells lateral
®xed after 30 min of treatment. In an optical section, the vegetal plate cells ¯uoresce brightly and in surface view the ring of bottle cells
at the vegetal plate is clear. (D±F) Embryos treated for 60 min with verapamil. D is a living embryo, and E and F were ®xed (optical
section and surface views). There is bright ¯uorescence associated with the vegetal plate, which is mostly associated with microvilli at
the surface of the embryo. Surface views con®rm that a ring of bottle cells does not form. (G±I) Optical section and surface views of
embryos treated for 60 min with tri¯uoperazine, a calmodulin inhibitor. G is a living embryo, and H and I were ®xed. Fluorescence
remains diffuse throughout the embryos; the vegetal plate is brighter than adjacent regions, but surface views indicate that cells are
rounded and a ring of bottle cells does not form. Bar  10 mm.
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nied by the rearrangement of invaginating epithelial cells. Dev.to the vegetal plate would be at least partly accounted for
Biol. 112, 383±390.by the 22-mm change in the diameter of the vegetal plate
Ferreira, C. M., and Hilfer, R. (1993). Calcium regulation of neural(Burke et al., 1991). The importance of an intact extracellu-
fold formation: Visualization of the actin cytoskeleton in livinglar matrix is accommodated in this hypothesis by the dem-
chick embryos. Dev. Biol. 159, 427±440.onstration that AL1 blocks formation of the ring of bottle
Gustafson, T., and Wolpert, L. (1963). The cellular basis of morpho-
cells. Our data indicate that bottle cell formation takes genesis and sea urchin development. Int. Rev. Cytol. 15, 139±
place at the same time as invagination and that the two 214.
processes are linked, in that treatments that block invagi- Gustafson, T., and Wolpert, L. (1967). Cellular movement and con-
nation also block bottle cell formation. A cause and effect tact in sea urchin morphogenesis. Biol. Rev. 42, 442±498.
Hardin, J. (1988). The role of secondary mesenchyme cells duringrelationship remains to be demonstrated, but this orthodox
sea urchin gastrulation studied by laser ablation. Developmentmechanism merits further consideration.
103, 317±324.One lesson that is clear from the extensive analysis of
Hardin, J. (1989). Local shifts in position and polarized motilitygastrulation in other organisms is that even seemingly sim-
drive cell rearrangement during sea urchin gastrulation. Dev.ple morphogenetic movements can have several complex
Biol. 136, 430±445.mechanisms acting in concert (Keller, 1986). It is likely that
Keller, R. E. (1986). The cellular basis of amphibian gastrulation.
the simple buckling of the vegetal plate in sea urchins belies In ``Developmental Biology: A Comprehensive Synthesis'' (L.
an intricate origin, which may involve several mechanisms Browder, Ed.), Vol. 2, pp. 241±327. Plenum, New York.
acting in synchrony. Lane, M. C., Koehl, M. A. R., Wilt, F., and Keller, R. (1993). A
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